The number of high vocal center (HVC) neurons labeled in adult male caries by systemic Injections of [3H]thymidine depended on season and survival time. This was true for HVC neurons projecting to the robust nucleus of the archistriatum and for other HVC neurons that could not be retrogradely filled from the robust nucleus of the archistriatum. Birds Injected in October and killed 40 days later had twice as many labeled HVC neurons as birds injected in May and killed 40 days later. However, this difference became much larger (5 times) when the birds were allowed to survive for 4 months. Whereas more than half of the spring-born neurons disappeared between 40 days and 4 months, there was no reduction in the number of fall-born neurons present at the 4-month survival point. We infer that seasonal variables affect the life span of HVC neurons born in adulthood.
It has been known for many years that the developing nervous system overproduces neurons. Many parts of the developing central nervous system retain only a fraction of the neurons originally produced (1) (2) (3) (4) (5) . The conditions that determine this selective death are under intensive study (e.g., refs. 6-9). Neuronal death is also seen in some diseases ofthe adult human brain-e.g., Alzheimer and Parkinson diseases. Several studies (e.g., refs. [10] [11] [12] have looked at the factors or conditions that may prevent or delay neuronal death during development or in the adult diseased brain. There is hope that factors that prevent selective death during development may also rescue neurons that die during disease. But such studies need not be restricted to the developing brain. Neurogenesis and neuronal replacement occur spontaneously in a part of the song system of adult songbirds. This offers the opportunity to study neuronal death and replacement in a healthy adult vertebrate brain and in a system that controls a well-characterized behavior.
Oscine songbirds acquire their song by reference to auditory information (13) (14) (15) . The circuits involved in the acquisition and production of learned song have been described (16) (17) (18) (19) . One ofthe telencephalic nuclei, the high vocal center (HVC), necessary for the production of learned song (16, 20, 21) , is of particular interest because it incorporates and replaces neurons in adulthood (22) (23) (24) (25) (26) . More than half of the adult-formed neurons added to the HVC (26) (27) (28) grow an axon that reaches nucleus robustus archistriatalis (RA), on the efferent pathway for song production (16) . The number of HVC neurons, including those that project to RA, ceases to increase in adulthood and neurogenesis in this system is part of a process of neuronal replacement (25, 28, 29) .
Earlier work (27) suggested that the incorporation of new neurons into the HVC is higher in early fall, when adult canaries modify their song, than in the spring, when they produce a stable song. The earlier study (27) The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. with [3H]thymidine plus Fluoro-Gold were counted in the HVC of six evenly spaced sections. We also counted all Fluoro-Gold-labeled neurons and all neurons unlabeled by Fluoro-Gold in two sections obtained from the center of each bird's HVC. The neuronal identity of Nissl-stained cells that did not project to the RA was inferred from their clear nuclei with single or double dark-staining nucleoli. An earlier study that used electron microscopy showed that HVC cells that stain in this manner are neurons (24) . From the number of cells counted in each HVC section and from the area ofHVC, we calculated the number of cells per mm2. Cell counting and area measurements were done at x827 and x82.7 magnifications, respectively, by using the computer-microscope systems described (32) . The measurements and counts described above were done for both the right and left HVCs. There were no systematic differences in neuron numbers between the two sides so we present here an average of the data for both sides. Grain Counts and Labeling Criteria. We determined the background labeling by counting the number of exposed silver grains over a unit of HVC area that included neuropil but did not include cell nuclei. The background for each bird was obtained by averaging 50 100-Am2 fields per bird. A cell was considered labeled if there were seven or more exposed silver grains over its nucleus; this corresponded to a criterion of >20 times background for all brains.
Cell Size Measurements. We measured the nuclear diameters of 50 HVC 3H-labeled neurons that were not backfilled with Fluoro-Gold and 50 HVC 3H-plus Fluoro-Gold-labeled neurons per bird. Diameters were measured using the displacement of a computer cursor, viewed through a camera lucida (32 (Fig. 1) . The birds of the spring-injected group that survived 4 months (spring II) and were sacrificed on October 5 had the smallest average HVC volumes. These volumes were significantly smaller than those of birds sacrificed on July 24 (spring I) and November 9 (fall I) by 25% (t = 3.19; P < 0.024) and 21% (t = -2.73; P < 0.041), respectively. The differences in mean HVC volume between other groups were not significant (Fig.  1) .
The number of 3H-labeled neurons per mm2 of HVC was higher in birds injected in the fall than in the spring, and this difference was greater in the birds that survived 4 months than in those that survived only 40 days (Fig. 2) . Whereas the number of HVC neurons labeled 40 days after the last increased by 30% between 40 days and 4 months after the last [3H]thymidine injection (t = 2.38; P < 0.034) (Fig. 2) .
The number of RA-projecting 3H-labeled neurons per mm2 of HVC was also higher in the fall than in the spring (Fig. 3) , in both the 40-day and 4-month survival groups. The springfall difference was similar to that described above for the overall population of labeled HVC neurons; the corresponding P values are given in Fig. 3 . Interestingly, the percentage of new neurons in HVC that projected to RA increased between survival periods of 40 days and 4 months in the fall ( = 2.48; P < 0.03) but did not increase in the spring (Fig. 4) Fig. 2 than in the spring, but this difference was not significant (Fig.  4) .
The mean nuclear size ofthe labeled HVC neurons became smaller with longer survival times and this effect was seen in the RA-projecting and the non-RA-projecting neurons ( Table   2 ). This decrease in the nuclear size of the [3H]thymidinelabeled neurons was significant in both the spring-injected birds (RA projecting, t = 4.64, and P < 0.006; non-RA projecting, t = 10.38 and P < 0.0001) and fall-injected birds (RA projecting, t = 3.07 and P < 0.03; non-RA projecting, t = 3.18 andP< 0.019).
DISCUSSION
Our results show that neurons born in adulthood survive for various durations oftime depending on the time ofyear when they were born. This conclusion comes from comparing two times-40 days and 4 months. A 40-day survival period may be close to the time when one is likely to get a maximum count of the new cells (33) . The longer survival time of 4 months was chosen so that we could look at the fate of neurons born in the spring, when song is stable, and see how many of these cells survived past the late summer and early fall period of plastic song. We used similar survivals for the fall birds. The fall birds were in plastic song when injected in September and their song became more stereotyped thereafter (34) .
There were twice as many 3H-labeled HVC neurons in the fall as in the spring 40-day survival birds. By 4 months this was a 5-fold difference. In the spring, there was a sharp reduction in the number of 3H-labeled HVC neurons between 40 days and 4 months. In contrast, there was no evidence that any of the 3H-labeled HVC cells that reached full neuronal status in the fall (40-day survival period) had disappeared by 4 months. Quite the contrary, new HVC neurons continued to be added, presumably reflecting some delayed neurogenesis, delayed migration, or perhaps delayed phenotypic maturation-our data cannot distinguish between these three interpretations. Birds in the spring II group survived 8 days longer than birds in the fall II group, and it could be argued that this accounted for the decrease in the number of 3H-labeled cells observed in the spring II-but not in the fall II-group. However, such an explanation is unsatisfactory because we know from an earlier study that HVC neurons born in the fall persist without attrition for up to 8 months after [3H]thymidine treatment (28) . Thus, the robust survival ofthe HVC neurons born in the fall stands in marked contrast with the disappearance of half of the HVC neurons labeled in the spring. Clearly, the life span of HVC neurons born in adulthood is not rigidly set but depends on the time of year when these cells are born.
The magnitude of the differential survivorship discussed in the previous paragraph may be even larger ifwe consider that the volume ofHVC became 25% smaller between 40 days and 4 months in the spring-injected birds. When this drop in volume is taken into account, only 33% of the neurons born at the time of the spring [3H]thymidine injections may have survived by early fall (44% x 75% = 33%). However, we would like to be cautious with regard to the apparent drop in the fall HVC volume. An earlier study that also used FluoroGold injections into RA to backfill HVC and thus define its boundaries did not see changes in HVC volume between late October and the following 8-month period (28) . If there is an end-of-summer reduction in the volume of HVC, the period when it occurs may be short and restricted tojust afew weeks in September and early October. Naturally occurring seasonal changes in the HVC volume of adult male canaries remain controversial (35) (36) (37) and must await a more detailed study using larger samples.
We do not know how seasonal differences in the survival of the new neurons come about. The hormonal profiles of adult male canaries differ markedly in the spring, summer, and fall (38) . Blood testosterone levels are high in the spring, drop during the summer, and increase in the fall. Many neurons in HVC, including those that project to RA, accumulate testosterone and its metabolites and have androgen receptors (39) (40) (41) . Testosterone influences the physiology and structure of some neurons (e.g., refs. 42 and 43) , and these effects have been shown in the song system (44) (45) (46) (47) . If testosterone plays a role in the survival of neurons born in adult males, then it seems to affect similarly those HVC cells that project to RA and others, perhaps interneurons, that do not project to RA. An influence of testosterone on neuronal survival has been described in the nucleus RA of the developing song system (48) . A companion paper (49) shows that testosterone or its metabolites increases the recruitment and/or survival of new HVC neurons in adult female canaries.
The long survival of the HVC neurons born in the fall makes sense if these cells participate in encoding the new song repertoire that the birds acquire in late summer and early fall and retain until the next spring (28, 29) . What, then, is the role (if any) of the new neurons acquired in the spring, when adult male canaries are in stable song? More than half of these neurons will be discarded 3 months later. Are they discarded because they have no role or is their role a short-lived one? Thus, whereas seasonal differences in the survival ofnew HVC neurons are now firmly established, the functional significance of these differences remains speculative.
The nuclear size ofthe new HVC neurons that projected to RA and that of other new HVC neurons that did not project to RA diminished between 40 days and 4 months of survival. This drop in nuclear size is similar to that described previously (28) and may reflect a pruning of dendritic and axonal branches. Interestingly, though, the drop in the diameters of the 3H-labeled HVC neurons was greater in the springinjected than in the fall-injected birds and, thus, may have been related to the differences in the survival of the springborn and fall-born neurons.
The changes in nuclear size that occurred between 40 days and 4 months of survival are not likely to have affected significantly the counts of labeled cells at these two times. Counts of 3H-labeled cells with nuclear diameters within the range we encountered, using tissue sections 6 ,um thick, are very unlikely to result in over or under estimates of the true number of these cells. In fact, all of our 3H-labeled neurons, whether their mean diameter was close to 7 or 9 um, were probably equally likely to be counted (50) . In accordance with the above, there was no simple relation between the nuclear size and the number of 3H-labeled neurons in the different experimental groups.
Our results demonstrate that the life span of HVC neurons born in the spring is considerably shorter than that of HVC neurons born in the fall. We have no comparable evidence for seasonal differences in the birth rate of new HVC neurons. Our data show that twice as many new neurons are present 40 days after [3H]thymidine injection in the fall as in the spring, but even by this time there could have been differential survival. Another study suggested that as many as two-thirds of neurons born in adulthood disappear-and presumably die-before they acquire a mature neuronal phenotype (33) . It is clear from the longer survival periods in the present study that the half-life of the new neurons will determine the extent to which neurons born at a specific time of year contribute to the functions of the HVC. We know now that there is not a set number of months that a new neuron must live, followed by unavoidable old age and death. Instead, seasonal factors present at the time of birth or during the life span of that neuron determine the time of its demise. This process might be stochastic or reflect in a very direct manner a neuron's position in a circuit and its patterns of use. In addition, neurotrophic factors that affect neuronal survival may be more available at some times of the year than at others. The HVC of adult songbirds may be a good place to identify factors that affect neuronal survival and study their manner of action.
